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Abstract 
Quartz glass is considered as model ceramic material for selective laser melting (SLM). Single beads of fused powder bonded 
with a continuous substrate of the same material are obtained. Neither the beads nor the substrates near them are cracked. Low 
closed porosity in the beads and detachment of the bead borders from the substrate are observed. The quality of the obtained 
beads is estimated to be sufficient for fabrication of three-dimensional parts by SLM. Comparison with calculations of heat 
transfer and evaporation reveals that the mass and the energy losses by evaporation are considerable and that the substrate surface 
should be locally heated up to 1600 K for strong bonding with the bead. Decreasing the thickness of the deposited powder layer 
is proposed to improve the adhesion between the bead and the substrate with the minimum loss in the productivity of the process. 
Finer powder is expected to decrease the residual closed porosity in the bead and to make the pores finer too. 
 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Selective laser melting (SLM) of metal powders is being developed starting by the beginning of 2000-ths. The 
SLM appears to be an effective technology for fabrication of complex-shape functional parts by layer-by-layer 
building [1-3]. Application of this technique to ductile materials such as austenitic steels, results in high strength 
immediately due to formation of uniform fine microstructure. Modification of the microstructure and mechanical 
properties by a subsequent thermal treatment is not excluded. The SLM of brittle materials often results in cracking 
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of the part during the building process. Thus, the authors don’t know a successful attempt to form by SLM a part of a 
ceramic material with the mechanical strength comparable with that of conventional ceramics. Nevertheless, SLM of 
ceramic materials continues to attract researchers [1,4,5]. 
Principles of brittle-materials cracking at SLM was studied in [6,7]. The laser beam forms a bead of re-melted 
powder joined to the built part of the part. The bead shrinks at cooling and generates tensile stresses that are 
responsible for cracking. The thermo-elastic model can estimate the residual stresses of the thermo-mechanical 
origin for non-ductile materials. This model was applied to single beads [8,9] as well as to the pars of simple shape 
[9]. The distribution of residual stresses was concluded to depend on the bead or part shape and the set of the elastic 
properties of the material and its linear thermal-expansion coefficient. Analysing the dependencies of the residual 
stresses at SLM on the temperature gradient and the cooling rate seems to be useless in the framework of this model 
[9]. 
The latter statement doesn’t mean, of course, that the character of cracking is independent of the thermal cycle at 
laser treatment that is responsible for the microstructure and the mechanical strength of the material. The bead shape 
was shown [9] to have a weak impact on the maximum tensile stress responsible for cracking. A method of 
theoretical estimating the cracking possibility was proposed [9] for brittle materials. This method analyses the 
following parameters: the integral linear thermal shrinkage for cooling from the temperature of thermal-stress 
relaxation down to the initial treatment temperature, Young’s modulus, Poisson’s ratio, and the ultimate strength at 
tension [9]. The temperature of thermal-stress relaxation can be estimated as the melting point for crystalline 
materials or the softening point for glasses. The initial treatment temperature can be the ambient temperature or the 
preheating temperature in the case of using the SLM with preheating. Thus, the first parameter essentially contains a 
combination of two characteristic temperatures with the mean linear thermal expansion coefficient. The use of 
Young’s modulus and Poisson’s ratio as the elastic parameters implies that the material is isotropic. 
Application of this method to estimate the cracking possibility at SLM [9] to various materials indicates that the 
most perspective ceramic material is the fused quartz. This is not surprising because of its well-known resistance to 
thermal shocks inevitable at laser treatment. Indeed, experiments on laser superficial heating up to softening indicate 
that the quartz glass doesn’t crack [8]. This is why this material is chosen as the model one for optimizing the 
parameters of SLM of ceramic materials in this work. 
Three-dimensional parts are built at SLM from separate beads of re-melted powder. To obtain a uniform structure 
without defects, each bead should be uniform along its axis and strongly bounded with the neighbor beads in its 
layer as well as with the previously re-melted layers. The stability of SLM and the quality of the obtained material 
could be tested in the simplified geometry of building separate beads on a thermally thick pore-less substrate of the 
same material as the powder [10-12]. In these experiments, the substrate replaces the built part of the part. The 
experience on forming three-dimensional parts by SLM from metal powders [2] indicates that if the power and the 
scanning speed of the laser beam and the thickness of the powder layer can be optimized for obtaining a single bead 
strongly joined with a substrate then a scanning strategy of powder layers can be found for building a high-quality 
part. Inversely, if a satisfactory single bead can’t be obtained, it is useless trying to build parts from such beads. 
Thus, obtaining a single bead on a substrate is the criterion of feasibility for SLM.  
This work uses the above criterion. The objective is to find the parameters of the laser beam and the powder layer 
deposited on the substrate, necessary for building a uniform re-melted bead strongly welded with the substrate. 
2. Experimentation
2.1. Materials and equipment 
The substrates are plates of quartz glass TU-21-RSFSR-644-83 with non-polished surface of thickness 5 mm 
produced by Gus F.E. Dzerzhinsky glass factory. The plates are thermally stable up to 600 oC. The powder T 100-0 
is produced by Saint-Gobain Quartz with the purity not less 99.96% of amorphous SiO2. The powder contains 90% 
particles of the size less than 100 Pm. Figure 1 shows a SEM image of the powder. Large particles are of irregular 
shape. The powder contains a lot of particles with the size much less than the nominal one.  
Laser sources operating in continuous mode at 10.6 Pm wavelength where quartz glass is well-absorbing, use 
sealed CO2 laser tubes of 30 and 40 W output power. The sources are integrated into commercial machines for laser 
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engraving Cencorp 700 LM and Qualitech 203. The latter is shown in Fig. 2. Laser beam 2 (see Fig. 2 (c)) from 
sealed CO2 tube 1 is deflected by fixed mirror 3 and moving mirror 4 that is mounted on the rail moving along axis 
Y. The rail is well visible in Fig. 2 (b) as a horizontal beam of rectangular cross-section. Laser head 5 moves along 
this rail in X-direction. The laser head contains a mirror at the top and a ZnSe lens of 2 inches focal length on the 
bottom. Target 6 is mounted on the working table seen as a horizontal perforated metallic plate in Fig. 2 (a) and (b). 
The helices plastic tube attached to the laser head is used to deliver gas protecting the optics and the working zone. 
 
Fig. 1. Quartz glass powder. 
(a)
 
(b)
 
                                          (c) 
Fig. 2. Machine for laser engraving Qualitech 203 mini: (a) general view with the cover opened; (b) the moving mirror and the laser head; (c) 
principal scheme. 
2.2. Methods 
The powder is deposited on the substrate by a brush from a water suspension. The thickness and the uniformity of 
the powder layer are judged by eye by light scattering. After drying, the powder is removed near four corners where 
its thickness is measured with an optical microscope by successive focusing on the top of the powder layer and on 
the top of the substrate. The thickness is estimated as the difference between the readings of the micrometer screw 
displacing the microscope table in vertical direction. 
The obtained two-layer targets powder/substrate are scanned by a defocused beam along a straight line with a 
constant speed. The protective gas is not used. The power of the laser beam is estimated by the current of the pump 
discharge. The output laser power is supposed to be proportional to the current. The diameter of the laser spot is 
estimated by the thickness of the obtained beads. To reduce the scanning speed below the minimum speed of the 
machine, a zigzag path of the laser beam is programmed with the amplitude much less than the spot size. This 
ensures the displacement lower than the path, so that the mean speed reduces. The resulting mean scanning speed is 
measured by a stopwatch. 
After laser scanning, the samples of the beads on the substrate are observed from the top just after the laser 
treatment as well as after non-treated powder removal with water. The adhesion between the bead and the substrate 
100 mP
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is judged by eye by light scattering at the interface. The most perspective samples are selected, they are cut, and the 
polished cross-sections are observed with an optical microscope. 
3. Numerical modeling 
The objective of modeling is to restore data unavailable at the experimental study, such as the temperature field 
in the interaction zone laser beam/target and the shape and the size of the softened volume.  
The powder layer is supposed to be thermally thin. A laser beam uniformly scanning the surface of a semi-
infinite opaque target is considered as shown in Fig. 3. The equations are written in the three-dimensional (3D) 
Cartesian coordinates moving with the laser beam with the scanning velocity 0tsu  opposite to the positive 
direction of the X-axis (see Fig. 3). The origin is placed at the intersection of the beam axis with the target surface or 
with the plane extension of the target surface in case of deformation thereof due to interaction with the laser 
radiation. The beam is supposed to be axially symmetric with the energy flux density approximated by the Gaussian 
distribution 
 2022
0
0
0 /exp rr
r
P
q 
S
 ,  (1)
where P0 is the incident laser power, r0 the tentative beam radius, and  r2 = x2 + y2. 
The temperature dependencies of the thermo-physical properties are not taken into account because the 
temperature range above the softening point of the quartz glass is of interest where these dependencies are either 
unavailable or known with the accuracy insufficient to obtain a significant difference at the numerical modeling.  
This is why the linear heat diffusion equation is applied 
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where D is the thermal diffusivity and ' the Laplace operator. 
The boundary conditions for Eq. (2) are the ambient temperature Ta at the infinity, 
forforfoo z and , ,at  yxTT a ,  (3)
and the balance of radiation absorption and evaporation loss qe at the top surface of the target z = 0, 
eqqz
T  
w
wO 0 ,  (4)
where O is the thermal conductivity if the target. The incident laser radiation is supposed to be not reflected but 
completely absorbed at the surface. 
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Fig. 3. Interaction between the laser beam and the target and the coordinate system. 
The energy and mass losses for evaporation can be considerable. To take them into account, the saturated vapor 
pressure ps is estimated from the surface temperature Ts = T(x,y,0) by the well-known integral [13] of the Clausius-
Clapeyron equation, 
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where p0 is the normal pressure of 1 atm, Qb the latent heat of evaporation per unit volume of the condensed phase, 
U the substrate density, m the vapor molecular mass, k the Boltzmann constant, and Tb the boiling point at the 
normal pressure. Assuming that the ambient pressure is equal to the normal one, evaporation starts at ps > p0 or Ts > 
Tb. Below, the evaporation characteristics are estimated in the framework of the strong evaporation theory following 
the analytical formulae [14] approximating numerical calculations [15] of the Knudsen layer in assumption that the 
vapor molecules are structureless. 
If the pressure ratio satisfies the following inequality: 
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with Rp min = 0.20742 [14], subsonic evaporation takes place, and the Mach number of the vapor flow M and the 
vapor temperature Tv are calculated as [14] 
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with RT min = 0.6437. At subsonic evaporation, the vapor pressure pv is supposed to be equal to the ambient pressure, 
 
pv = p0 .  (9)
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If 
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the evaporation is sonic with 
M = 1,     Tv = RT minTs ,     pv = Rp minps ,  (11)
In the both cases of subsonic and sonic evaporation, the vapour flow is perpendicular to the surface with the velocity 
 
m
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The following surface distributions characterizing evaporation are calculated: mass loss 
v
vv
mass kT
ump
f  ,  (13)
recoil pressure 
precoil = pv + fmassuv ,  (14)
and energy loss 
qe = Qbfvol + uv(pv + fmassuv /2) .  (15)
The following total evaporation losses are calculated by integration over the evaporation spot: total mass loss 
³³ yxfL massmass dd ,  (16)
recoil force 
³³  yxppF recoilrecoil d)d( 0 ,  (17)
and power loss 
³³ yxqP ee dd .  (18)
Equation (15) is used for formulation of boundary condition (4). 
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4. Results 
4.1. Experiment 
The beads obtained with machines Cencorp and Qualitech, are shown in Figs. 4 and 5, respectively. Defocusing 
is used in the both cases with the focus at 20 mm above the target surface. Thickness of the powder layer l, power of 
the laser beam P0, spot diameter d, and the scanning speed us are listed in the figure captions. 
At the chosen parameters, quartz glass powder is completely re-melted. Small closed porosity is observed in the 
beads. The pores are spheres with the diameter up to 50 Pm. They could be formed from air contained between the 
particles of the powder. Fused but not completely consolidated particles are observed near the borders of the bead in 
Fig. 5 (a). Such a structure could be formed at the conditions of insufficient energy input near the borders of the 
  
 
Fig. 4. Laser fusing of quartz glass powder with the substrate of the same material at l = 500r 100 Pm, P0 = 20 W and d = 1 mm. (ɚ) General 
view of the substrate and the beads after removing the non-fused powder:  single beads at us = 2 mm/s (on the top) and us = 1 mm/s (on the bot-
tom) and a double bead after two parallel hatches with us = 2 mm/s at the distance of 1 mm (in the middle). (b) Cross section of the upper bead. 
 
Fig. 5. Bead from fused quartz glass powder on the substrate of the same material obtained at l = 250r 50 Pm, P0 = 9.3 W, d = 0.5 mm, and us = 
0.9 mm/s: top view (ɚ) and cross section (b). 
laser spot. These partly consolidated particles may detach at grinding, so that they are not observed in Fig. 5 (b). 
Cracks formed at SLM, are not observed in the beads or in the substrates. 
The beads are fused with the substrate about their axes. This is visible on the cross-sections of Figs. 4 (b) and 5 
(b). The borders of the beads are always detached, which indicates an insufficient temperature of the substrate 
surface at the periphery of the laser spot. Good bonds are observed as transparent dark bands in the middle of the 
beads in Fig. 4 (a). Bad bonds are visible as diffuse milk bands near the borders of the beads in the same figure.  The 
second laser passage on the bad bond repairs this defect, which follows from observing the double-hatch bead in 
Fig. 4 (a). The detachment band is not observed between these overlapping beads. 
The concave top surface of the bead in Fig. 4 (b) indicates an intensive evaporation. This may result from a 
considerable mass loss in the middle of the bead where the laser flux attains its maximum. Alternatively, the 
concave top may arise by extrusion of softened glass by the recoil pressure of the vapor.  
352   R.S. Khmyrov et al. /  Physics Procedia  56 ( 2014 )  345 – 356 
4.2. Modeling
 
Quartz glass properties accepted for modelind are listed in Table 1. Thermal conductivity O [16] and specific heat 
Cp [17] considerably vary with the temperature. Their values are taken at 2000 K. Density U [18] is essentially 
independent of the temperature. The thermal diffusivity is estimated as D = O/(UCp). Boiling point Tb is supposed to 
be equal to the decomposition temperature of the crystalline quartz [18]. Latent heat of evaporation Qb is estimated 
as the sublimation heat at the ambient temperature [18]. Molecular mass m is taken for SiO2. 
Table 1. Properties of quartz glass accepted for modeling. 
Quantity Letter Value Dimension Reference 
Thermal conductivity O 2.3 W/(m K) [16] 
Specific heat Cp 1.5 kJ/(kg K) [17] 
Density U 2.2 g/cm3 [18] 
Thermal diffusivity D 0.70 mm2/s Calculation 
Boiling point Tb 2270 K [18] 
Latent heat of evaporation Qb 9.6 MJ/kg [18] 
Molecular mass of vapor m 60 a.m.u. Calculation 
 
Two variants are calculated that correspond to the experiments shown in Figs. 4 and 5. Table 2 shows laser 
radiation parameters for these variants as well as the number of Peclet estimated from the parameters as 
Pe = 2r0us/D .  (19)
Figure 6 shows the temperature fields in the zone of laser treatment obtained by numerical calculation. Figure 7 
shows the following distributions over the laser spot: energy flux density of the incident laser radiation q0, vapor 
velocity uv, recoil pressure precoil - p0, and evaporation loss qe. Table 3 lists the numerical characteristics of the 
distributions shown in Fig. 7. A temperature plateau is formed at the level of the boiling point  in the evaporation 
spot on the target surface that can be observed in upper diagrams of Fig. 6. Surface overheating above the boiling 
point is not significant. This is because the velocity of vapor is of the order of several meters per second (see Table 3 
and Fig. 7) that is much less than the sound velocity in the vapor. 
Table 2. Parameters of laser radiation chosen for modeling. 
Parameter Letter Dimension Variant (a) Variant (b) 
Power of the laser beam P0 W 20 10 
Radius of the laser beam  r0 mm 0.5 0.25 
Scanning velocity us mm/s 2 1 
Peclet number Pe - 2.86 0.71 
Table 3. Calculated characteristics of evaporation. 
Quantity Letter Dimension Variant (a) Variant (b) 
Maximum vapor velocity uv m/s 5.48 12.4 
Maximum recoil pressure precoil - p0 Pa 9.7 50.2 
Mass loss rate Lmass Pg/s 222 167 
Recoil force Frecoil PN 0.827 1.38 
Power loss for evaporation Pe W 2.20 1.65 
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5. Discussion 
As shown in Figs. 4 (b) and 5 (b), the shape of the obtained beads of quartz glass is not typical for SLM of metals 
[10] and crystalline ceramic materials [6]: the top surface is concave and the borders are detached from the surface. 
Such a shape evidently contradicts the principles of surface tension that tends to smooth a free surface, and can be 
explained by a very high viscosity of softened quartz glass. Cooling and solidification after laser treatment seem to  
 
                                                                (a)                                                                                      (b) 
 
Fig. 6. Temperature fields in the zone of laser processing calculated for variants (a) and (b): at the target surface z = 0 (on the top) and in the 
mirror-symmetry plane y = 0 (on the bottom). 
                                                                                      (a)                                 (b) 
 
Fig. 7. Distributions over the laser spot for variants (a) and (b): energy flux density of the incident laser radiation q0 (MW/m2); vapor velocity uv 
(m/s); vapor recoil pressure precoil - p0 (Pa); evaporation loss qe (MW/m2). 
be faster than viscous flow driven by the surface tension. Thus, the shape of the free surface formed in the zone of 
laser beam action, is fixed after the laser treatment. 
Suppose that the concave top surface of the bead in Fig. 4 (b) is formed because of material ablation by 
evaporation. The surface of the concave segment is about A = 0.15 ɦɦ2. Thus, the mass loss rate explaining 
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formation of this cavity were Lmass = UAus = 660 Pg/s. This is greater than the calculated mass loss rate listed in 
Table 3 by a factor of 3. The discrepancy can be explained by the shrinkage of powder at consolidation, the 
detachment of bead borders from the substrate, and the extrusion of the softened glass by the vapor recoil pressure. 
The curvature radius of the top surface in Fig 4 (b) is around R = 2 mm. The gas pressure necessary to form this 
concave surface, can not be less than p = V/R, where V is the coefficient of surface tension. The estimate of V = 0.3 
N/m gives the minimum necessary pressure of 150 Pa. The calculation shows that the recoil pressure is less than 10 
Pa (see Table 3 and Fig. 7). Thus, the extrusion of softened glass by the recoil pressure is excluded.  
Laser evaporation results in a significant mass loss, formation of a concave top surface of the bead, and energy 
loss (see Table 3). According to Fig.7, the evaporation is concentrated in the center of the laser spot where the 
energy input q0 attains its maximum. If the distribution of the energy flux density in the incident beam were not 
Gaussian q0 but were equal to difference q0 - qe, the temperature distribution in the zone of laser action would not 
essentially change while the evaporation would drastically reduce. This indicates that the used bell-like laser-beam 
profile is not effective. Application of a beam with a minimum of the energy flux density in the center can produce 
the similar temperature field without the evaporation losses of mass and energy.  
The detachment of bead’s borders from the substrate is undesirable at SLM. The probable reason is insufficient 
heating of the substrate at the periphery of the laser action zone. Figure 4 (b) shows that the bead is satisfactorily 
bonded with the substrate in the domain where its thickness doesn’t exceed 250 Pm. According to the lower-left 
diagram of Fig. 6, the maximum calculated temperature attained at the depth of 250 Pm is about 1600 K. This 
temperature can be accepted as the minimum one necessary to obtain a satisfactory bond between the bead and the 
substrate. The bead shown in Fig. 5 is fused with the substrate at the thickness of about 150 Pm. At the 
corresponding lower-right diagram of Fig. 6, the maximum temperature at the depth of 150 Pm is also about 1600 
K. This confirms the conclusion that for obtaining a reliable bond between the bead and the substrate in the 
considered conditions, the latter should be heated up to the temperature not less than 1600 K. 
The example of the double bead in Fig. 4 (a) indicates that the detachment of bead’s border from the substrate 
can be repared by a subsequent hatch. Thus, it is not a critical defect. Nevertheless, the detachment can provoke 
additional porosity in the fabricated part [2] and should be minimized. To minimize the detachment, one can either 
reduce the thickness of the powder layer, which facilitates heat diffusion to the substrate, or reduce the scanning 
speed, which increases the period of heat-source action. The both possibilities decrease the productivity of SLM. 
It is known from the theory of thermal conduction that the length of heating is proportional to the square of the 
time interval of heating in one-dimensional geometry. Therefore, reducing the thickness of the powder layer by a 
factor of two is equivalent to reducing the scanning speed by a factor of four. Therefore, reducing the powder-layer 
thickness is preferential to minimize the loss of the productivity. Of course, the one-dimensional approach is 
rigorous if Pe >> 1. The maximum possible depth of heating is attained at Pe = 0. The examples of Table 2 show 
that Pe is of the order of unity for the considered regimes of SLM. This means that reducing the scanning speed is 
even less favorable from the point of view of the productivity. 
Reducing the powder layer thickness for improving the bonding between the bead and the substrate would be the 
best solution in the absence of laser evaporation. If the powder layer were too thin, the evaporated mass would 
exceed the added one. This would make the SLM process impossible. Additional experiments are necessary to 
obtain the optimal thickness. 
Another perspective way to reduce the width of the detached borders of the bead is to shape the radial profile of 
the laser beam. For the considered Gaussian profile, the periphery of the beam with insufficient intensity to attain 
the necessary substrate temperature is essentially useless. Sharper periphery of the laser beam would reduce the 
useless diffusion of heat in the substrate and make the process more energy-effective.  
The residual closed porosity observed in Figs. 4 and 5 means that the consolidation process of the heated powder 
has not completed. The softened powder particles are similar to the droplets of a viscous liquid. The time interval 
necessary for coalescence of two particles is estimated by the dimensional analysis as  
W = KD/V ,  (20) 
where K is the viscosity and D the particle diameter. According to recent review of experimental data [19], the 
viscosity of quartz glass is about 109 Pa at 1650 K and decreases by an order of magnitude per each 100 K of 
temperature increment. Extrapolation of these data to higher temperatures gives approximately K = 104 Pa at 2150 
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K, the temperature near the maximum possible one, as follows from Fig. 6. At this value of viscosity, the 
consolidation time of particles with D = 100 Pm is estimated by Eq. (20) as W = 3 s. The actual time of laser action is 
about d/us = 0.5 s for the both experimental variants, where d = 2r0 is the diameter of the laser beam. Indeed, the 
actual time interval of laser action is a bit shorter than the theoretical one necessary for complete consolidation of 
the powder. 
The above analysis results in the following condition of powder consolidation:  
d/us > KD/V. (21) 
Modification of material properties K and V is impossible in the process of SLM of quartz glass. One can only 
control the three following parameters influencing the consolidation kinetics: laser beam diameter d, scanning speed 
us, and powder’s particle diameter D. According to Eq. (21), the increase of the beam diameter and the decrease of 
the scanning speed and the particle size would be favorable for reducing the closed residual porosity. The first 
possibility increases the productivity but reduce the dimensional precision of fabrication at SLM. The second 
possibility reduces the productivity. The optimal method to accelerate the consolidation of powder would be the use 
of a finer fraction. The size of the observed pores is about the particle size. Therefore, the other reason to use finer 
powders could be to decrease the pore size.  
6. Perspective to obtain a massive part without cracks 
Cracking is not observed in the descrived experiments with single beads. This means that the tensile residual 
stress is lower than the tensile strength of quarts glass. At this condition, the mechanical behavior of the material is 
supposed to be elastic, so that the conventional thermo-elastic model can be applied to estimate the residual stresses 
at laser treatment [8]. Indeed, this approach was successfully applied to analyze cracking of ceramics [7,8]. 
Calculations [8] indicated that the variation of the maximum tensile residual stress in a single bead is not significant 
at variation of the bead geometry. Moreover, residual stress calculations [9] in massive parts of model geometry 
showed that the maximum tensile stress in a part built by SLM can be estimated by the maximum tensile stress in a 
single bead of the same material built on a substrate of the same material. Thus, based on the thermo-elastic model, 
we can conclude that the tensile stresses attained in single beads will not be accumulated at successive superposition 
of the beads when building a massive part. This suggests the following optimistic conclusion: if cracking is not 
observed in a single bead built on the substrate of the same material, cracking of massive parts of this material 
obtained by SLM is not expected. 
7. Conclusion 
Stable regimes of selective laser melting (SLM) of quartz glass are found for the values of the laser spot diameter 
of 1 mm and 0.5 mm. Single beads of re-melded powder bonded with the substrate of the same material are 
obtained. Cracking is not observed in the beads or in the substrates. A small closed residual porosity in the beads as 
well as detachment of bead’s borders from the substrate is observed. The quality of the obtained beads is estimated 
to be sufficient for fabrication of three-dimensional parts by SLM. The found defects can not significantly reduce 
the mechanical strength. 
Comparison with the calculation results of heat transfer and evaporation indicates that the mass and energy losses 
for evaporation are considerable and that for obtaining a reliable bond between the bead and the substrate, the latter 
should be locally heated up to the temperature not less than 1600 K. Optimizing the radial profile of the laser beam 
would be useful to reduce the evaporation losses. Decreasing the thickness of the deposited powder would improve 
the adhesion between the bead and the substrate with the minimum loss of the process productivity. The use of finer 
powders would be favorable to reduce the closed residual porosity in the beads and to make the pores finer. 
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